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ABSTRACT
The histological and ultrastructural aspects of the notopodium 
of Nereis succinea (Polychaeta) and the gill of Arenicola cristata 
(Polychaeta) were studied by light, transmission, and scanning 
electron microscopy. Both animals have well defined microcirculatory 
systems in these respective structures. In A^ _ cristata, a cuticle 
overlies the epidermal cells which border the connective capillaries. 
In N. succinea, the capillaries are lined by exothelial cells in 
which the blood is in direct contact with the basal lamina. A larger 
looped capillary provides blood to these smaller connective 
capillaries thus suggesting an afferent-efferent pathway. Muscle 
that may affect blood flow occurs in both the notopodia and gills. 
High capillary density, large surface areas, blood space volumes, 
and short diffusion distances support the suggestion that these 
structures are important in respiratory gas exchange.
ANATOMICAL EVIDENCE FOR THE RESPIRATORY ROLE OF THE 
SUPERIOR LIGULE IN NEREIS SUCCINEA AND THE 
GILL OF ARENICOLA CRISTATA
INTRODUCTION
The evolution of the gill as a specialized organ of gas exchange 
apparently occurred within the annelid class Polychaeta. In errant 
species with a generalized morphology, such as members of the family 
Nereidae, no discrete structure is present. Gas exchange between the 
blood and the medium is believed to occur in beds of flow-through 
capillaries located in the most dorsal regions of the parapodia, 
known as the notopodial ligules 1, and the adjacent body wall 
(Nicoll, 1954; Mangum, 1976). Although these ligules are found in 
each segment along the length of the body, some differentiation occurs 
posteriorly, with the surface of the notopodial ligules 1 forming 
leaflike structures overlapping the dorsum. Observations on living 
animals suggest the presence of distinct afferent and efferent 
patterns of flow that would result in little mixing of oxygenated 
and deoxygenated blood in the flow-through capillaries (Nicoll, 1954).
In species that are more highly adapted to an infaunal, burrowing 
mode of life and are thus located farther from the oxygen supply in 
the water column above, discrete gills often occur. Although they are 
confined to a few anterior segments in the most advanced groups, they 
may also occur as metameric organs, now restricted to a limited number 
of segments. In lugworms (family Arenicolidae), 10-13 pairs of gills 
occur as thin walled evolutions of the body wall.
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Circulation through1 these specialized structures may be quite 
simple; in the sabellids, for example, the gill lacks a complex 
internal structure (Claparede, 1873) and is essentially a blind ending 
set of tubes in which the flow pattern may be tidal (Ewer, 1941;
Vogel, 1980). In other families each gill filament contains two 
large longitudinal vessels, presumably afferent and efferent and, in 
the most highly organized gills, these vessels are connected along 
their lengths by smaller vessels known as reseaux (Claparede, 1873). 
Most workers have described the reseaux as intraepidermal Ce.g. 
Kennedy, 1979) but Wells et al. (1980) found them in Terebella 
haplochaeta immediately beneath the branchial epidermis. Thus 
diffusion distances may prove to vary even when the organization of 
the gill is similar. Few attempts have been made to estimate 
diffusion distances, in either abranchial species or in the more 
advanced groups. Mangum (.1976) and Wells et al. (1980) found that 
branchial blood in terebellids is separated from the ambient medium 
by about 8-12 jj,m.
The present study was undertaken to compare the salient 
respiratory features of an unspecialized epithelium, the notopodial 
ligule I of Nereis succinea Frey and Leuckart, and a specialized 
metameric gill, that of Arenicola cristata Stimpson.
In the following report, the terms vessel and capillary are used. 
Use of these terms in annelid studies has been the subject of much 
dispute. Based on the presence of certain tissue layers or types of 
structural organization (Hanson, 1949; Nakao, 1974) classification 
of capillaries and vessels has often been reduced to semantic
arguments that have little meaning for functional interpretations of 
structure. For the purposes of this study, capillaries will be 
defined as minute blood vessels less than 21 ^m in diameter. Greater 
diameter ducts carrying blood will be referred to as vessels (Gray, 
1977).
METHODS AND MATERIALS
Specimens of Nereis succinea were collected from Sandy Point at 
Indian Field Creek on the York River near Yorktown, Virginia. 
Arenicola cristata was obtained from the Northeast Environmental 
Institute, Monument Beach, Massachusetts. The nereids were cut into 
right and left halves and transverse sections 5-10 mm thick of the 
body halves were made. The gills of A^ _ cristata were removed at the 
body wall for fixation. Dissections in both cases were done in a 
few drops of 4% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4. 
Following glutaraldehyde fixation for two hours, the tissues were 
rinsed three times with buffer and then post-fixed for two hours 
with 1% OsO^ in the same buffer. The tissues were dehydrated in a 
graded acetone series. In the case of N. succinea, the tissue was 
stained en bloc with 2% uranyl acetate in 70% acetone. These samples 
were then embedded in Epon 812 and sectioned on a Porter-Blum MT 2-B 
ultramicrotome. One micrometer sections were stained with 1% 
toluidine blue in 1% sodium borate for light microscopy. Thin 
sections for transmission electron microscopy (TEM) were stained with 
lead citrate. _A^  cristata thin sections were also stained with a 
saturated uranyl acetate solution prior to lead citrate. A Zeiss 
Photomicroscope II was used for light microscopy and a Zeiss EM 9S-2 
and an RCA EMU-4B were used for TEM.
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Specimens for macrophotography and scanning electron microscopy 
(SEM) were prepared similarly through dehydration. Uranyl acetate 
was not used. The tissues were critically point dried with CO^ 
in a Bomar SPC-900/EX critical point dryer. Specimens for SEM were 
mounted on copper stubs, coated with carbon and gold in a Denton 
Vacuum Evaporator DV-502, and observed with a JEOL JSM-35C scanning 
electron microscope. Macrophotographs were made with a 35 mm 
Nikkormat SLR camera with a bellows attachment.
RESULTS
Nereis succinea:
Depending on the length of an animal (1-6 cm), sixty to one 
hundred pairs of parapodia occur along the body. A 4.5 cm animal 
weighing 167 mg wet weight possessed 81 pairs of parapodia. A 
parapodium is composed of cirri, a notopodium, setae, and a 
neuropodium. The notopodium and neuropodium are in turn made up of 
several ligules. Parapodia from the first 10-15 segments have a 
dorsal cirrus that extends over the notopodial ligule 1 (NoLi 1). The 
NoLi 1 is conical and roughly equal in size to the combination of 
NoLi 2 and 3 and the neuropodial ligules 1 and 2 (NeLi 1 and 2).
These ligules project outward from the body remaining parallel to the 
substrate surface (Figs, 1, 2, 8, 9). Under NoLi 1, NoLi 2 projects 
forward and behind this ligule a bundle of setae originate. Just below 
the NoLi 2 is the conical NoLi 3. Ventral to the notopodium, NeLi 1, 
which projects posteriorly, is the site of origin of a second bundle 
of setae. Beneath NeLi 1 is NeLi 2 that is superior to the ventral 
cirrus (Figs. 1, 2, 8, 9). In the macrophotographs, (Figs. .1, 2), 
some vascularization is visible near the cuticular surface whereas in 
the scanning electron micrographs of anteriorly located parapodia, 
there is no sign of superficial capillaries (Figs, 8, 9).
In the next 40 or more segments from the midbody, NoLi 1 becomes 
laterally compressed and flattened, changing from its conical shape
(Figs. 3, 4). Figures 3 and 4 show the increase in vascularization 
that differs slightly on each side of the notopodium. On both the 
anterior and posterior faces of a notopodium, a vessel extends 
distally from the lateral sides of the body towards the tip of NoLi 1. 
Anterior views of the midbody NoLi 1 show that the capillary is 
located near the dorsal ridge of the ligule (Fig. 3). Posterior 
views show a similar vessel at the distal tip of NoLi 1, but it 
angles ventrally towards the body (Fig. 4). On each side of NoLi 1, 
smaller capillaries branch off of these large vessels and run to the 
dorsal or ventral edges of NoLi 1, looping over the edges to join the 
lateral vessel of the opposing side. Dorsal views (Fig. 5) of the 
body show a fine capillary network on the body wall at the point of 
origin of the parapodium, sloping ventrally towards the NoLi 1 on its 
anterior and posterior sides.
Notopodia from the posterior third of the body undergo a striking 
change in shape and vascularization (Figs. 6, 7, 10, 11). NoLi 1 
becomes the predominant ligule as it projects away from the body at 
a dorsal angle, NeLi 1 and 2 in turn project ventrally while NoLi 2 
and 3 remain parallel to the substrate. Proceeding posteriorly,
NoLi 2 becomes almost vestigial and the dorsal cirrus shortens as the 
point of its insertion advances to the distal tip of NoLi 1. Although 
the overall pattern of vascularization does not change, there is a 
great proliferation of smaller capillaries that extend dorsal-ventrally, 
looping around the edges of NoLi 1 (Figs. 6, 7). The dorsal and 
ventral lateral vessels and the dorsal-ventral connective capillaries 
appear to bulge outward, distending the surface of the NoLi 1 as seen
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in SEM micrographs (Figs. 10, 11). There are surface capillaries 
apparent in the macrophotographs on NoLi 3 and NeLi 1 and 2, but they 
do not appear to distend the surface in SEM micrograph views 
CFigs. 3, 4, 6, 7, 10, 11).
The dimensions of the NoLi 1 from anterior, midbody, and posterior 
segments are shown in Table 1 and 2. Surface area was determined by 
approximating a triangle using the distal tip of the NoLi 1 as the 
apex. Surface area dramatically increases from anterior to posterior 
segments by about 300%. An indication of the increase in vasculari­
zation is the count of dorsal-ventral connective capillaries that 
branch off the dorsal and ventral lateral vessels. Based on these 
figures (Figs. 3, 4, 6, 7), a rough count of visible capillaries is 
listed in Table 3. The increase in capillaries in posterior notopodia 
ranges from 2 to 10 times the number seen in midbody segment notopodia.
Higher magnifications with the scanning electron microscope 
(Fig. 12) show that the dorsal and ventral connective capillaries 
that branch off the dorsal and ventral vessels also appear to bifurcate 
once and then divide again. These capillaries extend towards the 
dorsal or ventral ridges of the NoLi 1, some of which intersect and 
divide as they begin to curve around the face of the ligule. In a 
460 pm X 680 pm area with a dorsal lateral vessel at the upper border 
(Fig. 13), a count was made of the ventral connectives running towards 
the ventral ridge. Of the 8-10 capillaries that arise from the 
lateral vessel, six can be plainly seen to extend all the way to the 
base of the area. At 230 pm below the lateral vessel, 16-18 
capillaries are seen and at the base of the area 19 capillaries are
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visible. Close inspection of the macrophotographs reveal a similar 
proliferation due to bifurcation of capillaries that branch off the 
lateral vessels (Figs. 6, 7).
The region below the dorsal cirrus insertion point shows a change
in capillarization (Figs. 3, 4, 10, 11), The lateral vessel divides 
into numerous smaller capillaries that branch off at various angles 
to infiltrate the distal tip of NoLi 1. In Figure 14, the dorsal 
ridge has approximately 58 dorsal connective capillaries occurring 
over a distance of 620 pm. Twenty seven ventral connective capillaries
loop around the ventral ridge over a 580 pm length. At higher
magnifications, the measurable distortion of the NoLi 1 surface 
indicates that the dorsal and ventral connective capillaries have 
diameters of 13-15 pm, although in the immediate region of the lateral 
vessel they are 18-25 pm in diameter. Similarly, the lateral vessel 
measures about 40 pm (Fig. 15),
Highly magnified SEM micrographs of the cuticle that overlies the 
notopodial epidermis resemble aerial photographs of a series of mesas 
and plateaus surrounded by deep crevices. This interdigitation forms 
irregular areas that have at least five sides and are 0.5-1.0 pm 
wide. Additionally, there are small partial spheres 90-150 nm in 
diameter on the surface of the cuticle (Figs. 16, 17).
In photomicrographs, cross sections of the distal tip of the 
NoLi 1 near the insertion of the dorsal cirrus show six features of 
interest. A thin cuticle covers a single layer of epidermal cells.
Five pairs of capillaries are formed by cells that are not endothelial 
in nature. In random places under this stratum of epidermis and 
capillaries, several patches of vacuolated cells are apparent.
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Finally, what appear to^e large vacuolated cells or vacuoles occupy 
the matrix of the notopodium throughout its length (Fig. 18). The 
epidermal layer is less than 10 pm thick. The capillaries which 
extend laterally towards the distal tip are from 17-37 pm in diameter. 
Both the interior matrix and the dorsal cirrus lack vascularization.
Sections closer to the body of NoLi 1 have similar basic 
features as found in the distal tip. The paired capillaries disappear 
and two large capillaries are found. The dorsal and ventral 
connective capillaries occur around the perimeter (Fig. 19). The 
large lateral vessels (.50-60 pm = d) lie diagonally across from each 
other on the anterior and posterior faces of the NoLi 1. In Figure 19, 
the direct connection of a ventral connective capillary with the dorsal 
lateral vessel is observed. At the dorsal ridge, a dorsal connective 
capillary is looped over to the anterior face of the ligule. Here the 
dorsal and ventral connective capillaries have widths of 9-10 pm. There 
is also an increase in the number of cells that occur between the 
epidermis-capillary zone and the matrix. Occasionally a bridge of 
cells crosses the matrix, linking the opposite sides of the ligule 
(Fig. 20). The width of NoLi 1 increases from 150 pm at the distal 
region (Fig. 18) to 240 pm at the widest region of the more proximal 
cross sections. The dorsal ridge narrows to 120 pm (Fig. 19).
Frontal sections of NoLi 1 present cross sectional views of the 
dorsal connective capillaries, whose diameters range from 8.3 to 22 pm. 
The twenty seven pairs of capillaries appear to bulge outward distorting 
the cuticle-epidermal surface. Each capillary is extremely close to 
the cuticle layer with very little tissue separating the capillary wall 
and the cuticle. Any two adjacent capillaries are separated by at
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least one epidermal cell (Fig. 21). Surface areas and volumes of the 
lateral vessels and connective capillaries are listed in Table 4.
The cuticle of the notopodium is 1,4-2.4 pm thick (Figs. 22, 31).
It is interdigitated at irregular intervals with about one inter- 
digitation every 0.5-2.0 pm. The interdigitations are 190-380 nm deep 
and 25-100 nm wide. The outermost region of the cuticle has an 
electron dense border (.25 nm wide) and an area of decreased electron 
density underneath. This area is 300-500 nm wide and the rest of the 
cuticle is comprised of a network of fibers (Fig. 22), The 13-20 
layers of fibers are each oriented at a 90° angle to the previous 
layer (Figs. 23, 24). This orientation creates crib-like columns 
through which the microvilli of the epidermal cells are organized.
The microvilli pass through the fiber meshwork, often extending to or 
through the outer electron dense border of the cuticle. The basal 
diameter of the microvilli taper from 160 to 60 nm at the apex. An 
opposing pair of microfilament bundles in the interior originates as 
tonofilaments that are anchored in the basal portion of the epidermal 
cells (Figs. 22-24, 30, 31).
The region of the epidermis in the notopodial ligule has five 
frequently seen cell types. The first and foremost is the epidermal 
supportive cell (Figs. 25, 26). Lying between the capillary lumen and 
the epidermal cells is the exothelial cell (Figs. 27, 33). One can 
term these cells exothelial in that they are the reverse in organization 
of the classical mammalian endothelial cell: the basal lamina lines the
lumen of the capillary in these annelids. A less commonly observed cell 
associated with the capillaries is the exo-/endocytotic cell (Fig. 28). 
These three cell types are occasionally interspersed by the fourth type,
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the mucus cell (Figs. 2%, 29). Bands and bundles of muscle cells are 
usually seen in association with the capillaries (Figs. 38, 39, 41).
The epidermal supportive cell tends to be cuboidal with a degree 
of polar stratification of the organelles. The cells (up to 8.1 pm
wide and 6-7.6 pjn long) have an apical zone 1.8-2.7 pjn deep that
contains mitochondria, microfilaments, Golgi bodies, vesicles, dense 
bodies, rough endoplasmic reticulum (RER), and occasional microtubules 
(Figs. 25, 26, 30, 31). Below this region are the nucleus, free 
ribosomes, bundles of filaments (20 nm in diameter), mitochondria, 
and more RER (Figs. 22, 26). At the cuticle and epidermis interface,
intercellular junctions (33 nm W X 460 nm L) precede the subsequent
narrowing of the intercellular gap to 25 nm (Fig. 26).
The capillaries of Nereis succinea are lined with the basement
membranes of the exothelial cells which separate the cell contents from 
the blood. The basement membrane is 37-41.8 nm thick (Fig. 32). The 
exothelial cells are flattened except where the nuclear region occurs. 
Here there is an increase in the cross sectional thickness proportional 
to the size of the nucleus (Fig. 33), Presumably, from cross and 
longitudinal sections, the greatest dimension of the exothelial cell 
parallels the length of the capillary (Figs. 27, 28). This cell type
has a minimum of organelles and the cytoplasm is characteristically
less dense than the epidermal supportive cells. There are tonofilaments 
in these cells, some of which are seen to insert in the hemidesmosomes 
along the basal lamina. Filament bundles that are 20-40 nm in diameter 
occurring in a random pattern are found. The exothelial cells branch 
off the capillaries and deposit basement membrane. Two exothelial 
cells oppose each other in such a way that their laminae are laid
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down next to each other forming a double lamina 56-94.6 nm thick. This 
doubled band or sheet of cells continues to a point where it separates 
again and thus forms the next capillary and lumen (Figs. 30, 32, 39). 
The connective capillaries occur about 7-10 pm apart. The lumen is 
9.7-16.3 pm in diameter and the diffusion distance to the outside
environment is 1.8-3.5 pm (Fig. 27).
The third cell type is seen in direct contact with the basal 
lamina of the connective capillaries (Fig. 28). This cell has 
extensive RER, large vacuoles, and large (0.4-2.3 pm = d) round 
dense bodies or droplets. Via exo- or endocytosis, a direct path of 
communication exists between the capillary lumen and the cells (Fig.
36). The vesicles contain material indistinguishable from the 
hemoglobin of the blood. The RER cistemae contain similar electron 
dense material (Fig. 34). Mitochondria and nuclei are the other
visible ultrastructural features (Fig. 35). Along the inside margin
of the plasma membrane adjacent to the capillary lamina, there are 
electron dense areas that look like hemidesmosomes (Fig. 28). Higher 
magnifications reveal a lack of any specific filament organization at 
these points (Fig. 34).
The fourth cell type, the mucus cell, appears in several states 
of development. Immature cells contain the typical organelles 
indicative of metabolic synthesis and vacuoles containing gray, grainy 
striated material. Mature cells contain only mucus. Fully 
differentiated and emptied of their contents, the cells are situated 
in the epidermal layer connected to pores that pass through the 
cuticle (Figs. 25, 29, 37).
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At irregular intervals, groups of muscle cells are associated 
with the capillaries. The fibrils in the muscle are stacked in 
successive layers of 2-4 fibrils per layer. The stacks are separated 
by a cisternum that appears to be smooth endoplasmic reticulum. A 
mitochondrion is sometimes found between the fibrils that are 20-40 nm 
in diameter. In the area around the nucleus, the cytoplasm has Golgi 
bodies, vesicles, and free ribosomes. The muscle bands were noted 
to impinge upon and affect the diameter of the capillaries (Figs. 
38-42).
The central matrix of NoLi 1 consists of vacuolated cells, 
occasional bands of muscle cells that span the width of NoLi 1, and 
large cells containing large (1-6 pm = d) dense droplets of material 
(Figs. 43, 44). The vacuolated cells have a narrow border of 
cytoplasm (1 p.m wide) that has very few organelles. Inside the 
vacuoles are numerous patches of grainy appearing substance. Between 
two or three adjacent vacuolated cells, a cell with a denser cytoplasm 
containing dense bodies, mucleus, some ER, and mitochondria, is 
located (Fig. 43). The muscle segment spanning the ligule has the 
same features found in muscle cells of the epidermal region. The span 
of muscle is several cells wide and appears anchored by tonofilaments 
in the basal region of the epidermal cell (Figs. 30, 44). The large 
cells of the matrix containing the large electron dense droplets have 
a very grainy cytoplasm and a plasma membrane with short (200 nm long x 
60 nm wide), numerous microvillar-like projections (Fig. 45).
Arenicola cristata:
The internal organization of the eleven gill pairs is constant 
throughout, but the external structure varies in two ways. In both
cases the body wall evaginates sending out 6-12 arms that are up to 1 
mm long and 290-420 pm wide (Figs. 49, 57). The gills cover circular 
areas that increase from 2-4 mm in diameter progressing posteriorly 
along the body. The simple branchial arms support a prolific number 
of tightly clustered branches. Each finger-like branch is 0.6-0.7 mm 
long, tapering from 100 pjn in diameter at the point of origin to 
80 p.m distally. Occasionally a branch divides to form two branches 
that may or may not be of equal size (Figs. 46, 47). Complex gills 
taken from the same animal (16 cm long and 28.2 grams wet weight) have 
a bilaterally symmetrical pattern in which a single row of branch 
bases arises from the right and left sides of the arms. Each branch 
base divides a varying number of times creating the smallest subunits, 
the terminal ramuli. Usually four ramuli are formed per base although 
six to eight ramuli are not uncommon. The ramuli are closely grouped 
but the arms tend to fan out more than the simple branchial arms.
Branch bases in the complex gill are 0.2 mm long and 100-140 p,m in 
diameter. Terminal ramuli may be in excess of 0.4 mm long with 
diameters of 65-80 pm proximally and 40-50 p,m distally (Figs. 48, 49, 
50).
The surface of the gills and its subunits has a serpentine 
appearance due to the random folds, bends, and turns of the structures 
(Figs. 47, 49, 50). Higher magnifications show that the surface of the 
cuticle consists of rolling ridges and crevices (Fig. 51). Pores 
1-1.4 p,m in diameter are occasionally encountered (Fig. 52). In 
magnified views above 10,000 X the cuticle is seen to have a pebble­
like surface. The protruberances are 70 nm in diameter (Fig. 53).
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The simple gill branches and the complex gill ramuli have a simple 
repetitive pattern of microcirculation as seen from photomicrographs. 
Both are served by a branchial capillary that runs the length of the 
branch or ramulus, distally loops, and returns to the branch base or 
arm. In the complex gill, as the branches divide, the branchial 
capillaries divide an equal number of times to supply all of the 
ramuli (Figs. 54, 55). The branchial capillary and its complement 
are connected laterally by connective capillaries in the branch or 
ramulus. At the outer margin of the branchial capillary, lying 
directly across from the cuticle of the branch or ramulus, a capillary 
emerges and bifurcates. Each fork follows the inner periphery of the 
structure until the two capillaries anastomose and insert into the 
complement branchial capillary at its outward-facing edge. Connective 
capillaries decrease in frequency in the branch bases and disappear 
at the level of the arms. The branchial capillaries are 14,7 pm in 
diameter in the distal tip regions and increase to 31 pm proximally.
The connective capillaries are 2.9-8.9 pm in diameter (Fig. 56). 
Connective capillaries occur at a frequency of 90-150 capillaries 
per mm of branchial capillary (Fig. 55). Simple gills tend to have 
more connective capillaries. Diffusion distances range from 3-5 pm 
for the connective capillaries to 10-20 pm for the branchial 
capillaries. The branchial capillaries increase in diameter as they 
enter the arms (there becoming arm vessels) from 35 to 52 pm (Figs.
54, 57). Surface areas and volumes of the body, gills, and capillaries 
are approximated in Table 5.
Transmission electron microscopy shows that the surface of the 
cuticle is covered with round, membrane bound particles 66 nm in
diameter. The outermost margin of the cuticle is an electron dense 
37 nm thick region (Fig. 58). The two most prominent features of the 
cuticle are the fiber layer and the microvilli. The fibers (20 nm 
diameter) are laid down in layers rotated alternately in each 
direction 90° to form a meshwork through which the microvilli extend. 
The cuticle is 0.8-1.0 p,m thick and is penetrated by microvilli of 
similar length. The microvilli are 150 nm wide basally, tapering to 
50 nm apically (Figs. 59-61). Each microvillus is invaded by two or 
three bundles of microfilaments that oppose each other along the inner 
periphery of the villus (Figs. 60, 62). Additionally, oblong bodies 
Cl. 3 {im long and 0.28 p,m in diameter) that have an electron dense 
border (27 nm) and a less dense interior are found in the matrix of 
the cuticle (Fig. 60).
The two commonly occurring cells found in the branches and the 
ramuli are the epidermal cell and the muscle cell. Less common are 
the mucus cell, coelomocytes, and what may be peritoneal cells. The 
epidermal cell is the building block of the branches and the ramuli. 
This cell type defines the border between the environment and the 
blood. Apically, this columnar-like cell is the stratum upon which 
the cuticle is organized (Fig. 63). In addition to the microvilli, 
mitochondria, Golgi bodies, vesicles, filaments, dense bodies, rough 
endoplasmic reticulum, and tight junctions are found above the 
perinuclear region. In contrast, a rarefied cytoplasm around the 
basally oriented nucleus contains an occasional mitochondrion, dense 
bodies, and RER cisternae. Bundles of filaments run from hemi- 
desmosomes at the basal lamina through the cytoplasm to divide and
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insert into several apical microvilli (Figs. 62, 64). The epidermal 
cell is 20 pm long and 5-8 pm wide with a minimum of interdigitation 
of its lateral borders and neighboring cells (Fig. 63). The basal 
lamina of the epidermal cell defines the lumens of the connective 
capillaries, the epidermal cell side of the branchial capillaries, and 
the coelom. Basal laminae at the branchial and connective capillaries 
are 40 nm wide and have striated fibers (20 nm in diameter) that are 
in direct contact with the contents of the capillaries (Fig. 64). 
Laminae that define the coelomic lumen occur in widths as great as 
440 nm (Fig. 63). Also found in the epidermal layer are the randomly 
placed mucus cells. When mature, the mucus cell is full of mucus 
vesicles and can be at least 20 pm in size (Fig. 65a). At this stage 
of differentiation, a pore (diameter of 0.4-1,4 pm) that passes 
through the cuticle is formed (Fig. 65b). A crown of microvilli 
occupy the center of the pore (Fig. 65a).
The second abundant cell type of the gill, the muscle cell, occurs 
at two sites. Muscle cells line the coelomic side of the branchial 
capillaries (Fig. 66). They contain fibrils (40 nm in diameter) 
which are aligned parallel to the length of the branchial capillary.
The cells are elongated and flattened with widths of only 2 pm in the 
perinuclear region. The muscle cells are separated from the blood by 
a basal lamina 75-80 nm thick (Fig. 67). The other site of occurrence 
is near the insertion point of the connective capillary to the 
branchial capillary. Here groups of muscle cells are oriented so 
that their filaments lie in the same plane as the connective 
capillaries, thus perpendicular to the filaments of the branchial 
capillary muscle cells (Figs. 68, 69).
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Transmission election microscopy also elucidates the nature of 
the coelom of the ramulus or branch. In the distal regions of these 
respective structures, the coelom is nonexistent. The area between 
the two opposing branchial capillaries is occupied by muscle cells 
and what may be peritoneal cells (Fig. 70). As one moves towards the 
arms a coelom develops and increases in size. The intrusion of the 
branchial capillaries gives the coelom an hourglass shape. Peritoneal 
cells sometimes occur opposite the basal lamina of the epidermal 
cells. Coelomocytes are also found in the coelom (Fig. 66).
DISCUSSION
The respiratory function of the arenicolid gill was inferred in 
1838 by Milne Edwards, who suggested that the contractility of the 
gills may assist in circulation. As the gill first develops, a 
capillary loop forms concurrently so the gill is capable of acting as 
a respiratory structure from the earliest stages of development (Gamble 
and Ashworth, 1900). Designation of a similar role for the nereid 
parapodia waited over a century when the vascularization of the 
parapodial ligules was described (Nicoll, 1954).
These two species have developed different solutions to the common 
need of sites for gas exchange. From observations to date, the gill 
of Arenicola crlstata plays primarily a respiratory role whereas the 
parapodium of Nereis succinea serves multiple functions for the animal. 
The parapodia also serve in swimming and locomotion (Clark and 
Tritton, 1971; Mettam, 1967) and ion transport (Mangum et al., 1980). 
Mucus and spiral glands in the parapodial epidermis are crucial for 
the webbing used in burrows (Dorsett and Hyde, 1970a and b). Cirri 
and setae may act as sensors to detect disturbances and spatial 
relationships (Dorsett, 1964; Lawry, 1967).
In each species, the gas exchange sites change in shape, size, 
and form. In N^ succinea, the differences in size, vascularization, 
and enzymatic properties of notopodial ligule 1 suggest some
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specialization for ion transport in the anterior region (Mangum et al.,
1980) and gas exchange in the posterior region. This is demonstrated
by the 300% increase in surface area of NoLi 1 from anterior to
4* 4*
posterior segments accompanied by an opposite trend in Na + K ATPase 
activity (Table 1). The functional significance of the two gill forms, 
simple and complex, in A^ _ cristata is unclear. This dichotomy may not 
be unique to A^ _ cristata, however, since other species also show 
deviations from the basic design (Gamble and Ashworth, 1900). Even 
within a species, individuals of A^ _ marina that are littoral were 
described as having short dendritic gills while the "Laminarian" 
(subtidal) individuals have a delicate, richly branched pinnate design 
(Gamble and Ashworth, 1899; 1900). The same investigators (Gamble and 
Ashworth, 1900) noted that A^ _ cristata has the pinnate gill pattern. 
Although the arenicolid gill is located immediately posterior to the 
notopodia, the gill does not develop as an elaboration of the notopodia 
or of dorsal cirri (Gamble and Ashworth, 1899; Wells, 1944), and 
therefore the sites of gas exchange are fundamentally different in the 
two families.
Regardless of the designs or origins of the gas exchange sites, 
both organisms appear to maintain separate afferent-efferent flow in 
the microcirculation at this level. The largest vessels that invade 
the respective structures appear as pairs, but are actually single 
vessels that loop back upon themselves. The smallest capillaries 
connect each large vessel with its "paired" half. In both systems, 
the finest vascularization in NoLi 1 of N_^  succinea and the branch or 
ramulus of A^ cristata, maintains the maximum oxygenation state of the
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blood. In succinea, the lateral ventral vessel as identified by
Nicoll (1954) narrows at the distal tip so that it has a diameter 
similar to the connective capillaries. Due to the short diffusion 
distances for both the lateral vessels and the connective 
capillaries and the restriction of large volumes of blood traveling 
from the posterior to anterior face via the lateral vessel, 
deoxygenated blood is unlikely to reach the dorsal vessel, the main 
avenue of distribution to the tissues. In A. cristata, the branchial 
capillary narrows distally, decreasing the volume of blood flow, and 
the tip of the branch or ramulus tapers so the diffusion distance to 
the same capillary decreases. In both animals, blood arriving at 
these capillary beds is suddenly exposed to greater capillary wall 
surface area at higher flow velocities, thereby allowing a greater 
rate of oxygenation. The connective capillaries arising from N. 
succinea1s lateral vessels may additionally divide forming smaller 
capillaries and thus increasing the total surface area and volume 
available for handling the blood flow.
The cuticle in both species is essentially identical and does 
not vary radically from general annelid cuticle organization (Brokelmann 
and Fischer, 1966; Coggeshall, 1966; Humphreys and Porter, 1976;
Storch and Alberti, 1978). The microvilli that invade the cuticle 
provide extensive surface area for interactions between any substances 
that can freely cross through the cuticle ground substance. The 
extension beyond the outer cuticular border of the microvilli allows 
for direct interactions between the environment and the epidermal 
cells. The surface of NoLi 1 is interdigitated, creating channels
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that could contain environmental water/ Although many polychaete gills 
are ciliated (Storch and Alberti, 1978) which may aid in circulation 
of water, in N_^  succinea patches of cilia are sparse in NoLi 1 and in 
A. cristata they do not exist on the gill. The round, membrane bound 
particles on the cuticle surface of the arenicolid gill may provide 
points of adhesion for a mucus coat, which would protect and prevent 
dessication during air exposure.
The epidermal cells of succinea play primarily a protective 
role in that they overlie the exothelial cells that form the 
capillaries. On the other hand, the epidermal cells of A, cristata 
are the borders that define the connective capillary lumens. Here 
any osmotic change that would cause cell swelling or shrinking would 
also decrease or increase the connective capillary volume. This 
change in volume in turn would change blood flow velocity, blood 
pressure in the gill, and the rate of blood oxygenation during periods 
when A^ cristata may be expending energy to volume regulate. The 
capillary diameter may also be subject to the suggested contractility 
of filaments found in polychaete epidermal cells (Boilly-Marer, 1972). 
With cristata, the bundles of filaments extending from the micro­
villi through the cytoplasm and inserting into hemidesmosomes at the 
basal lamina may be able to contract the cell’s laminal border 
resulting in an increase of the effective capillary diameter.
The capillaries of N^ succinea are lined with the basal laminae 
of exothelial cells. The term exothelial is descriptive and does not 
imply any specific embryological origins of this tissue. Controversy 
over the use of the term "endothelial” versus various alternatives has
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raged throughout recent^annelid histological studies stemming from a 
mid-19th century interest in developmental biology for phylogenetic 
determinations (Claparede, 1863; Hanson, 1949; Storch and Alberti, 
1978). From a functional standpoint, the issue is moot since a cell 
lining provides a physical barrier between the blood and, in the 
annelids, coelomic fluid, and any cell lining introduces a barrier 
to the movement of solutes. Likewise, the degree to which this is 
an open or closed circulatory system solely determined by the nature 
of the capillary wall (Nakao, 1974) does not negate the functional 
significance of this well organized, clearly defined microcirculatory 
network. A significant feature of the exothelial cell is the presence 
of filaments similar in shape and size to filaments found in muscle 
cells. As a result, the exothelial cell may have a capability to 
promote or restrict blood flow. The presence of bands of muscle seen 
lying adjacent to the capillaries may also affect flow rate, blood 
pressure, and volume. These muscle cells are identical in appearance 
to the cells of the dorsal and ventral longitudinal muscle described 
in other nereids (Defretin and Wissocq, 1969).
The one other capillary associated cell, the exo-/endocytotic 
cell which contains vacuoles and endoplasmic reticulae cisternae 
filled with material indistinguishable from the capillary hemoglobin, 
may be a hemoglobin producing cell. This suggested role is also 
supported by the proliferation of rough endoplasmic reticulum and the 
numerous vesicles at the cell and capillary interface. This cell may 
simply be an activated exothelial cell. There also exists the 
possibility that the exothelial cell is in turn, a modified epidermal 
cell.
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The intraepidermal connective capillaries of A. cristata are 
found in a similar form in other polychaetes (Storch and Alberti, 1978; 
Kennedy, 1979; Wells et al., 1980). Storch and Alberti (1978) have 
reported four types of blood vessel organization in polychaete gills 
but the composition of the branchial capillary wall in A. cristata 
is a combination of epitheliomuscular type and the epidermal wall type 
described by these investigators. The epitheliomuscular cells that 
line the coelomic side of the branchial capillary can affect blood 
flow just as the muscle found near the insertion of the connective 
capillaries to the branchial capillaries potentially controls the flow 
to the connective capillaries.
The interior components of the gill and NoLi 1 may play significant
functional roles. The coelom of A. cristata may provide a hydrostatic
skeleton and auxiliary pump for blood circulation (Mangum et al.,
1975). The vacuolated cell matrix in N^ succinea probably plays a
role in osmoregulation. During osmoregulation, high enzymatic
-f- -|-
activity for the uptake of Na and NH^ excretion has been found in 
these ligules (Mangum et al., 1980). Muscle bridges that connect the 
two faces of the superior ligule could provide structural integrity 
during osmotic extremes.
The respiratory role of NoLi 1 and the gill becomes clearer upon 
considering the estimations of the surface areas and volumes derived 
from these structures. The total surface area of the superior ligules 
compared to the body surface area (Table 2) results in a ratio of 
1.5:1. Though the other ligules are not included, the vascularized 
area of the body wall adjacent to NoLi 1 and the area covered by the
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attachment of the parapodia to the body are actually included in the
estimation of the body surface area. Thus the 1.5:1 ratio is an
underestimation of near surface vascular areas. The lateral vessels
_ 6
can contain 5 x 10 ml of blood and the connective capillary bed can 
handle three times this amount, 1.5 x 10 ^ml (Table 4). As such, a 
rapid flow of blood can be quickly dispersed through the fine 
network. These figures do not include the connective capillaries or 
lateral vessels that vascularize the adjacent body wall so an under­
estimation is inherent. Nonetheless, if 60 pairs of midbody and
posterior segments were identical in vascularization, at least 
-32.4 x 10 ml would be available for oxygenation at any one moment
(Table 4). The 300% increase in surface area of NoLi 1 from anterior
to posterior segments would be of great value for a structure that
plays a respiratory role (Table 1).
A. cris tata has a range of surface areas and volumes that depends
on the number of the two gill types found in an animal. Approximations
of the surface area and volume reveal that the simple gill has greater
capacity than the complex gill. Estimates of the number of branches
or ramuli on a gill are substantiated by counts of these structures
seen in Figures 46 and 48. These dorsal views give a half count of the
estimated total number of branches and an equal count of estimated
ramuli. Those branches and ramuli not visible would suggest that the
simple gill approximations may be overestimated and the complex gill
2
underestimated. Somewhere between 66 - 114 cm is the total surface 
area of one animal studied. Volumes of the two gill types differ by 
a factor of 3 times but for the total volume of body and gills there
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is little difference. Ratios of gill surface area to body area range
from 0.3 to 1.2:1 (.Table 5). The estimated blood volume of the
branchial capillaries compared to the volume of the connective
capillaries suggests equal volumes in each for simple gills. In
complex gills, there may be twice as much blood in the branchial
capillary as there is in the connective capillaries. This narrow
range of one to two times the available blood space in the branchial
capillary versus its connective capillaries would imply an efficient
- 2
system for oxygenation. Approximately 0.9 to 4 x 10 ml of blood may
be found in the gills at any one time (Table 5). In addition to
these area and volume determinations, it is significant that in both 
animals there is a lack of deep tissue vascularization that might be
implicated in serving a respiratory role.
2
Nereis succinea has a surface area:wet weight ratio of 36 cm /g
2
and A. cristata 2.3-4.0 cm /g. Respiratory structure blood volume 
expressed as a percentage of the total body volume for A^ cristata is
0.7°/oo - 3°/oo and for N. succinea, 14°/oo. If values of 3-7% that 
represent the blood volume % of total body volume in A. marina 
CToulmond, 1971) can be applied to A. cristata, this animal contains
0.4-1 ml of blood. Blood volume in the gills expressed as a percentage 
of the total blood volume indicates that as much as 10% of the blood 
may be in the gills at any one time. Total blood volumes in N. 
succinea are unavailable but it can be assumed that, based on NoLi 1 
blood volume:total body volume ratio, the percentage of blood in 
NoLi 1 is greater than that for A^ cristata. The higher values for 
N. succinea may be a reflection of greater oxygen demands due to
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this animal's greater level of activity; swimming, crawling, and 
burrowing. The unspecialized NoLi 1 may figure more prominently in 
its respiratory role for succinea than the gill for A^ _ cristata 
which has always been suspected of a purely respiratory role.
SUMMARY
The respiratory structures, the gill of A. cristata and NoLi 1 of 
N. succinea, each have a separate afferent-efferent microcirculatory 
system.
The basic elements of this design consist of a looped capillary or 
vessel connected laterally with a series of small capillaries. 
Capillary blood flow is contained by the basal laminae of 
exothelial cells in N. succinea and the laminae of epidermal 
cells in cristata.
Along the central matrix side of the connective capillaries in 
N. succinea, a cell type displaying exo-/endocytotic activity, 
abundant rough endoplasmic reticulae, and vesicles containing 
material similar to the capillary hemoglobin, may be the site 
and source of hemoglobin production.
Contractile elements are found in cells that form the capillary 
and vessel walls. Adjacent to the capillaries and vessels are 
bands of muscle cells. Such structures may restrict and promote 
blood flow velocity, pressure, and volume.
Diffusion distances less than 6 14m, total respiratory structure 
surface areas nearly equal to or 1.5 times greater than the total 
body surface areas, high densities of connective capillaries 
(100-140/mm), capillary volumes that can rapidly distribute
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the afferent blood flow, and the absence of any other deep tissue 
capillaries make NoLi 1 and the gill attractive structures for 
sites of gas exchange.
32 .
APPENDIX
SURFACE AREA AND VOLUME CALCULATIONS OF THE SIMPLE 
AND COMPLEX GILL OF ARENICQLA CRISTATA
I. Simple Gill
A, Estimated number of branches/simple gill
1. Assume in the simple gill there are 9 arms
2. Surface area of an arm is 2Tfrh where r = ,0175 cm and
h = 0.1 cm
-2 2
3. This provides 1.09 x 10 cm for origin of the branches
2
on one arm. The area of a branch base is rrr where
-5 2
r = 0.0045 cm then 6.36 x 10 cm are needed for
anchoring a branch to an arm.
-2 2 -5 24. On one arm, 1.09 x 10 cm /6.36 x 10 cm =170 branches/arm
5. 9 arms x 170 branches/arm = 1,530 branches/simple gill
B. Surface area and volume of branches and gills
1. Surface area of a branch is 2TTrh = 2 Tr x 0.0045 cm x
-3 2
0.065 cm = 1.84 x 10 cm
2 2
2. Branch volume isffr h = t t  x  (.0045 cm) x .065 cm =
4.13 x 10 ^cm3
3. Total surface area of a gill: 1,530 branches/gill x
1.84 x 10 \m^ = 2.81cm3
_ r o
4. Total branch volume/gill = 1,530 x 4.13 x 10 cm =
6.32 x 10_3cm3
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C. Available blood^space volume of a branch
1. Treating the connective capillary as a portion of a 
cylinder,
a. Branch radius = 0.0045 cm
b. Diffusion distance = 0.0004 cm
c. Capillary r = 0.0003 cm
d. Radius of the cylinder measured to the outer edge of
the capillary = 0.0045 - 0.0004 = 0.0041 cm = r-^
e. Center of the branch to inner edge of the capillary =
0.0041 - (2 x 0.0003) = 0.0035 cm = r2
2 2
f. Volume of the connective capillary = rrr^ h - ff^h
where h = 2 x r
_/tt Co.0041cm)2 x (.0.0003 x 2)7 ~ N  (0,0035)2 x (.0.0003 x2^7
3.16 x 10_8cm3 - 2.31 x 10“8cm3
-9 3
8.5 x 10 cm
g. There are 90 - 110 connective capillaries/mm branch 
length. Average is 100/mm. A branch is 0.065 cm long
so 1,530 branches/gill x 0.065 = 99.4 cm.
h. 99.4 cm/gill x 1,000 connective capillaries/cm =
99.400 capillaries/gill.
i. Total volume in connective capillaries of a gill =
-9 3 “4 3
99.400 x 8.5 x 10 cm /capillary = 8.45 x 10 cm
2. Blood volume of the branchial vessels
a. R = 0.00114 and length = 0.065 cm
b. nr^h = rr (0.00114cm)3 x 0.065cm x 2 = 5.30 x 10 ^cm3
c. 1,530 branches/gill x 5.3 x 10 ^cm3 = 8.12 x 10 ^cm3
branchial volume/gill
II.
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3. Blood volume of the arms
a. H = 0,1 cm and r = 15-25 p,m with 2 vessels/arm
2 2 —6 3
b. rrr h = rrCO,002 cm) x 0.1 cm x 2 = 2,51 x 10 cm /arm
c. 9 x 2.51 x 10 ^cm^ = 2.2 x 10 ^cm'Vgill
D. Total available blood space volume in a simple gill:
-4 3
1. Connective capillaries total volume . . .  8.45 x 10 cm
-4 32. Branchial vessels total volume.......... 8.12 x 10 cm
-4 3
3. Arm vessels total volume. . . . . . . .  . 0.22 x 10 cm
-4 3
4. Total volume in a simple gill . . . . .  .16.79 x 10 cm
Complex Gill
A. Surface area and volume of ramuli, branches, arms and gills
1. Branches are located on two sides of an arm in the complex
gill.
2. The base of a branch is 0.012 cm in diameter. This would 
allow for the anchoring of 8-9 branch bases/side of an 
arm.
3. An arm is 0.035 cm in diameter allowing for 3 branch bases 
at the distal tip of the arm.
4. An arm has a total of 20 branch bases. There is a
minimum of 4 ramuli per base so there are 80 ramuli/arm.
-3
5. Surface area of a ramulus is (r = 2.25 x 10 cm and 
h = 0.04 cm)
2 x x 0.04 x 2.25 x 10  ^= 5.6 x 10 ^cm^
-2 2
6. Surface area of an arm is 1.09 x 10 cm - (1.13 x
-4 2 -3 2
10 cm x 20 branch bases/arm) = 8.64 x 10 cm
7. Surface area of a branch base = 2 x tt x 0,006 x 0.025 cm =
-4 2
9.4 x 10 cm
“A 28. Total surface of ramuli/gill = 5.6 x 10 cm x 4 ramuli/
-1 2base x 20 bases/arm x 9 arms/gill = 4.0 x 10 cm
A 29. Total surface of branch bases/gill = 9.4 x 10 cm x 20 x
9 = 1.69 x 10 ^cm2
-3
10. Total surface area of arms/gill = 8.64 x 10 cm x 9 =
7.78 x 10'"2cm2
“1 2
11. Total surface area of a complex gill: 6.47 x 10 cm
-3 212. Volume total of ramuli/gill = rr x (2.25 x 10 cm) x
0.04 cm x 4 ramuli/base x 20 bases/arm x 9 arms/gill =
4.58 x 10 4cm2
-3 213. Total volume of the branch bases/gill = it x (.6.0 x 10 ) x
— A 3
0.025 cm x 20 bases/arm x 9 arms/gill = 5.09 x 10 cm
-2 214. Volume total of arms/gill = tr x (1.75 x 10 cm) x 0.1 cm x
9 arms/gill = 8.6 x 10 4cm2
-4 315. Total volume of a complex gill = 4.58 x 10 cm
5.09 x 10“4cm2
-4 38.6 x 10 cm
18.27 x 10“4cm2
Blood space volume in the connective capillaries
1. Ramulus r = 0.00225 cm
2. Capillary d = 0.0006 cm, r = 0.0003
3. Diffusion distance = 0.0004 cm
4. Center of ramulus to outer edge of capillary = 0.00185 = r^
5. Center of ramulus to inner edge of capillary = 0.00125 cm =
36.
2 2 2
6. trr h = Trr^h - rc^h w^ere h = 2 x r. Volume of capillary =
6.45 x 10 ^cm2 - 2.94 x 10 ^cm2 = 3.51 x 10 ^cm2
7. With 1,000 capillaries/cm of ramulus, and 80 ramuli/arm x
0.04 cm/ramulus = 3.2 cm ramuli/arm x 9 arms/gill x 3.51 x
-9 310 cm x 1,000 capillaries/cm = total volume of blood space
“A 3
in connective capillaries/gill = 1.01 x 10 cm
C. Blood space volume of branchial vessels in ramuli and branch 
bases.
2
1. Ramulus branchial vessels volume = 2 x t t  (0.00114cm) x
-7 3
0.04 cm = 3.26 x 10 cm
2
2. Branch base branchial volume = ttx 2 x (0.00,114cm) x
0.025 cm = 2.04 x 10 ^cm2
3. Total branchial volume/complex gill = ]_4 ramuli/base x
-7 3— —  -7 3
20 bases/arm x 9 arms x 3.26 x 10 cm_/ 4-^/2.04 x 10 cm x
20 bases/arm x 9 arms/ = 2.35 x 10 4 + 3.67 x 10 2 =
-4 32.7 x 10 cm
D. Blood space volume of the arms/gill
1. This has been calculated for simple gills and is the same
-5 3for complex; 2.2 x 10 cm /gill
E. Total available blood space volume per complex gill
-4 31. Total volume connective capillaries . . .  1.01 x 10 cm
-4 3
2. Total volume of branchial vessels . . . .  2.7 x 10 cm
-4 3
3. Total volume of arm vessels.............0.22 x 10 cm
3.93 x 10_4cm3
III.
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Whole Body
A. Surface Area
1. R = 0.52 cm and h = 16 cm: 2 Tf x 0.52 cm x 16.0 cm =
52. 2cm2
2. Total (body S.A, and complex gill S.A. - body S.A. and
2
simple gill) surface area range: 52.2 cm + (22 gills/
- 1 2  2 
animal x 6.47 x 10 cm ) through 52.2 cm + (22 gills x
2.81 cm2) = 66.4 cm2 - 114.0 cm2
B. Volume
2
1. R = 0.52 cm and h = 16 cm: it x (0.52 cm) x 16 cm = 13.6 cm'
2. Total volume (body volume and complex gill volume through
3
body volume and simple gill volume) range: 13.6 cm +
-3 3 3
(22 gills/animal x 1.83 x 10 cm ) through 13.6 cm +
(22 gills/animal x 6,32 x 10 2cm2) = 13.64 - 13.74 cm2
C. Surface Area:Volume Ratios
21. Simple gill S.A.: simple gill V = 2.81 cm :6.32 x 
10_2cm3 = 44:1
-1 2
2. Complex gill S.A.: complex gill V = 6.47 x 10 cm :
1.83 x 10_2cm2 =35:1
3. Total S.A.: Total V = 66.4 - 114.0 cm2:13.64 - 13.74 cm2 =
4.8 - 8.2:1
4. Ratio of total gill surface area to body surface area:
14 - 61.8 cm2:52.2 cm2 = 0.27 - 1.2:1
38.
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PLATE 1
Figure 1.
Figure 2.
Anterior view of a parapodium from the first 10-15 
segments. DC, dorsal cirrus; NoLi 1-3, notopodial 
ligules 1-3; NeLi, neuropodial ligules; VC, ventral 
cirrus; arrows, superficial capillaries. X 42.
Posterior view of the parapodium seen in Figure 1. 
Arrow, superficial capillary; NoLi 1, notopodial 
ligule 1; NeLi 1, 2, neuropodial ligules 1 and 2.
X 41.

PLATE 2
Figure 3.
Figure 4.
Anterior view of a parapodium from the midbody region 
showing some superficial capillaries on NoLi 3 and 
NeLi 2, Arrow, dorsal connective capillaries; DLV, 
dorsal lateral vessel; NoLi 1, 3, notopodial ligules 
1 and 3; VCC, ventral connective capillaries; NeLi 1 
and 2, neuropodial ligules 1 and 2. X 43,
Posterior view of the parapodium seen in Figure 3. 
NoLi 1 and 3, notopodial ligules 1 and 3; arrow, 
ventral connective capillaries; DCC, dorsal 
connective capillaries; VLV, ventral lateral vessel; 
S, setae; NeLi 1 and 2, neuropodial ligules 1 and 2.
X 41.
NeLi
PLATE 3
Figure 5. Dorsal view of posteriorly located parapodia showing 
the fine capillary network on the body wall. Arrows, 
capillary network; arrow 1, dorsal lateral vessel; 
arrow 2, dorsal connective capillaries. X 40.

PLATE 4
Figure 6.
Figure 7.
Anterior view of a parapodium from the posterior 
region of the body. DLV, dorsal lateral vessel;
NoLi 1, notopodial ligule 1; VCC, ventral connective 
capillaries. X 41.
Posterior view of the parapodium seen in Figure 6. 
DCC, dorsal connective capillaries; VLV, ventral 
lateral vessel. X 41,
'■i’i
PLATE 5
Figure 8. Anterior view of an anterior parapodium photographed 
with a scanning electron microscope (SEM). dc, 
dorsal cirrus; NoLi 1-3, notopodial ligules 1-3;
NeLi 1 and 2, neuropodial ligules 1 and 2; S, setae; 
vc, ventral cirrus. X 87.

PLATE 6
Figure 9. SEM view of an anterior parapodium as seen from the 
posterior side. dc, dorsal cirrus; NoLi 1, 3, 
notopodial ligules 1 and 3; NeLi 1, 2, neuropodial 
ligules 1 and 2. X 97.
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PLATE 7
Figure IG. SEM view of the anterior face of a posterior
parapodium showing surface distention due to 
vascularization, DLV, dorsal lateral vessel; 
NoLi 1-3, notopodial ligules 1-3; vcc, ventral 
connective capillaries; NeLi 1, 2, neuropodial 
ligules 1 and 2. X 97.
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PLATE 8
Figure 11. SEM view of a posterior parapodium showing the
posterior face. VLV, ventral lateral vessel; 
dorsal connective capillaries; VCC, ventral 
connective capillaries. X 87.

PLATE 9
Figure 12. SEM anterior view of a posterior parapodium showing
the connective capillaries branching off of the 
dorsal lateral vessel. DCC, dorsal connective 
capillaries; DLV, dorsal lateral vessel; VCC, 
ventral connective capillaries. X 150.

PLATE 10
Figure 13. SEM view of a 0.46 mm x 0.68 mm area of a posterior 
parapodium, anterior face, showing secondary 
branching of the connective capillaries. DLV, 
dorsal lateral vessel; arrow 1, secondary branching 
of a connective capillary; VCC, ventral connective 
capillaries. X 240.

PLATE 11
Figure 14.
Figure 15.
SEM posterior view of a posterior parapodium showing 
58 dorsal connective capillaries at the dorsal ridge 
and 27 ventral connective capillaries at the ventral 
ridge. DR, dorsal ridge; DCC, dorsal connective 
capillaries; vr, ventral ridge. X 224.
SEM anterior view of a posterior NoLi 1 showing the 
origins of the connective capillaries. DCC, dorsal 
connective capillaries; DLV, dorsal lateral vessel; 
VCC, ventral connective capillaries; arrow 1, clump 
of cilia. X 435.
Vj--
PLATE 12
Figure 16. SEM view showing a clump of cilia between two
capillaries, X 5,070.
Figure 17. High magnification SEM view of the surface of the
parapodium, showing the small spheres on the 
cuticle. Arrows, surface spheres, X 32,100.
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PLATE 13
Figure 18. Light microscope (LM) cross section of the distal
tip of the NoLi 1. dc, dorsal cirrus; arrow 0, 
epidermal cell layer; arrow 1, vacuolated matrix 
cell; cc, connective capillary. X 330.

PLATE 14
Figure 19. LM view in cross section of the NoLi 1 proximal to 
the body, 0,12 - 0,24 mm x 0,88 mm, w.x 1. dec, 
dorsal connective capillary; DLV, dorsal lateral 
vessel; vcc, ventral connective capillary; VLV, 
ventral lateral vessel. X 190.
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PLATE 15
Figure 20. Enlarged LM view of the NoLi 1 in cross section.
Arrow 1, epidermal cells; arrow 2, cell mass underlying 
the epidermal cells; arrow 3, matrix cell surrounded by 
vacuolated matrix cells; arrow 4, bridge of cells 
connecting both sides of the ligule. X 530.

PLATE 16
Figure 21. LM view of a frontal section of the NoLi 1 dorsal
the dorsal lateral vessel, 0,14 iron x 0.60 mm, w. x 
Arrows, dorsal connective capillaries; dc, dorsal 
cirrus. X 220.

PLATE 17
Figure 22. Transmission electron microscope (TEM) view of the
NoLi 1 cuticle. Small arrow, electron dense border 
arrow 1, interdigitation of the cuticle; arrow 2, 
microvillus; arrow 3, cross sectional appearance of 
fibrils, X 22,400.

PLATE 18
Figure 23, TEM view showing the fiber layer organization of the
cuticle and the microvilli. Arrow, fibers; mv, 
microvillus, X 53,600.
Figure 24. TEM view tangential to the cuticle showing lattice
organization of the cuticle fibers, mv, microvillus 
arrow 1, raicrofilament bundle; arrow 2, fiber of 
cuticle. X 92,800.

PLATE 19
Figure 25. TEM view showing epidermal cell organization. Cu,
cuticle; arrows, maturing mucus cells. X 4,140.
Figure 26. TEM view showing basally located nuclei of the
epidermal cells. Arrow, intercellular junction; 
Nu, nucleus, X 9,750.
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PLATE 20
Figure 27. TEM cross sectional view of a connective capillary
showing the exothelial cells that deliniate the 
capillary. CC, connective capillary; Ex, exothelial 
cell; arrow, basal lamina. X 6,800.
Figure 28. TEM view showing a connective capillary in
longitudinal section. Arrows, exothelial cells;
CC, connective capillary; EC, exo-/endocytotic cell; 
arrow 1, vesicles containing Hb-like material.
X 7,500.
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PLATE 21
Figure 29. TEM view of an emptied mucus cell and its pore.
X 19,000.

PLATE 22
Figure 30. TEM view showing the capillary lamina branching off
as a double lamina and insertion of epidermal cell 
tonofilaments into a muscle cell. Arrow 1, basal 
lamina fusing and branching into the epidermis; 
arrow 2, double lamina; arrow 3, epidermal cell 
tonofilament; arrow 4, muscle cell. X 10,700.
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PLATE 23
Figure 31. TEM view of an epidermal cell in the apical region.
Arrow 1, tonofilaments that insert in the microvilli 
M, mitochondria; G, golgi bodies. X 24,500.
Figure 32. TEM view of the filaments and hemidesmosome of the
exothelial cell. Arrow 1, hemidesmosome; arrow 2, 
double basal lamina. X 48,900.
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PLATE 24
Figure 33. TEM view of the exothelial cell nucleus. Nu,
nucleus. X 20,400.
Figure 34. TEM view of an exo-/endocytotic cell showing
electron dense areas at the capillary lamina. 
Arrow 1, electron dense area; arrow 2, rough 
endoplasmic reticulum containing Hb-like material. 
X 61,000.
1*-'■ f:\
Figure 35.
PLATE 25
TEM view of an e.xo-/endocytotic cell, vac, vacuole 
RER, rough endoplasmic reticulum; D, dense body.
X 48,900.
Figure 36- TEM view of the border between an exo-/endocytotic
cell and a capillary lumen. Arrows, vesicles 
containing particles similar to the hemoglobin.

PLATE 26
Figure 37. TEM view of an immature mucus cell,
filled vacuoles; G, golgi bodies.
vac, mucus 
9,800.
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PLATE 27
Figure 38. TEH view of the epidermal cell layer showing the
underlying muscle. Arrow, muscle layer. X 5,800.
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PLATE 28
Figure 39. TEM view showing the double basal lamina that exists 
between two connective capillaries. Arrows, double 
basal lamina; mus, muscle cells. X 9,400.
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PLATE 29
Figure 40. TEM view showing the fibrils in cross section of the
muscle cells. Arrow 1, fibrils; arrow 2, 
cisternum. X 21,100.
Figure 41. TEM view showing a muscle cell band deforming a
connective capillary, MB, muscle band; CC, 
connective capillary. X 6,600.
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Figure 42.
PLATE 30
TEM view of the perinuclear area of a muscle cell. 
Nu, nucleus; arrow 1, muscle fibril; arrow 2, Golgi 
body. X 20,800.
Figure 43. TEM view showing the vacuolated cells of the central
matrix and the grainy appearing substance. X, 
grainy material of a vacuolated cell. X 5,000.

PLATE 31
Figure 44. TEM view of a muscle band that crosses the matrix
making contact with a large cell with large dense 
droplets. Nu, nucleus; D, droplet; MB, muscle band, 
X 5,000.
Figure 45. TEM view showing the short microvillar projections
of a large matrix cell. Arrow, microvillar 
projections; D, droplet, X 29,400,

PLATE 32
Figure 46. A scanning electron microscope (SEM) view of a whole
simple gill from Arenicola cristata. X 34.
Figure 47. SEM view of the simple gill seen in Figure 46, showing
branches rising from the arm with occasional division 
of a branch to form two branches. A, arm; B, branch; 
arrow, double branch. X 130.

PLATE 33
Figure 48. SEM view of a complex gill showing the bilaterally
symmetrical arrangement of the branch bases that 
line each side of an arm and position of gill 
centered around the setae of the parapodium. A, 
arm; S, setae. X 41.
Figure 49. SEM view of the ventral side of the complex gill
showing that the arms are evaginations of the body 
wall. A, arm; BB, branch base; R, ramulus. X 120.

PLATE 34
Figure 50. SEM view of an arm of a complex gill showing the
degree of branching to form the terminal ramuli. 
A, arm; BB, branch base; R, ramulus. X 110.

PLATE 35
Figure 51. SEM view showing the subtle rolling and indenting
of the gill's surface. X 6,400.
Figure 52. SEM view of a ramulus showing infrequently found pores
Arrow 1, pores. X 2,800.

PLATE 36
Figure 53. SEM view at high magnification showing the
protruberances (.66 nm diameter) of the surface 
of the cuticle. X 19,200.
Figure 54. Light microscope (LM) view of a partial longitudinal
section of the arm of a complex gill showing its 
relationship to branch bases and terminal ramuli.
A, arm; BB, branch base; R, ramulus; Arrow 0, cross 
section through a branch base vessel. X 100.

PLATE 37
Figure 55. LM view of a longitudinal section of a group of
ramuli showing how branch base vessels divide and 
infiltrate the ramuli. R, ramulus; C, connective 
capillaries; be, branchial capillary; arrow 1, 
division of a branch base vessel. X 210.

PLATE 38
Figure 56, LM view of a cross section through a ramulus showing
the relationship of the connective capillary to the 
branchial capillary, CC, connective capillary; BC, 
branchial capillary; x, coelom, X 1,400.

PLATE 39
Figure 57. LM view of a longitudinal section of an arm showing
the arm vessels. Arrows, arm vessels. X 160.

PLATE 40
Figure 58. Transmission electron microscope (TEM) view of the
round, membrane bound particles on the surface of 
the cuticle. Arrow 1, particles; arrow 2, electron 
dense border. X 102,000.
Figure 59. TEM view of the cuticle showing the fiber layer
organization and abundant tight junctions of the 
epidermal cells. Arrow 1, fiber; arrow 2, tight 
junction. X 31,200,
Figure 60. TEM view of a tangential section through the cuticle
showing the fiber layer lattice penetrated by 
microvilli, microfilament bundles of the microvilli, 
and unidentified oblong bodies. Arrow 1, fiber 
meshwork and microvilli; arrow 2, microfilament 
bundles inside the microvillus; U, unknown oblong 
bodies. X 36,600.
Figure 61. TEM view showing a microvillus extending through the
cuticle to the outside environment. Arrow, 
microvillus. X 13,300.

PLATE 41
Figure 62. TEM view of an epidermal cell showing the extension
of tonofilaments from the microvilli to the basal 
regions of the cell. TF, tonofilaments. X 23,200.

PLATE 42
Figure 63. TEM view of the columnar epidermal cells showing 
their basal lamina. Arrow 1, dense body; arrow 2, 
basal lamina, X 6,300.
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PLATE 43
Figure 64. TEM view showing the hemidesmosomes of the epidermal
cells at the basal lamina of a connective capillary. 
Arrow 1, tonofilaments inserting into the hemidesmosome 
arrow 2, basal lamina; arrow 3, striated fibers 
associated with the basal lamina. X 86,700.

PLATE 44
Figure 65a. TEM view of a mucus cell with a crown of electron
dense microvilli-like projections near the cuticle 
pore region, MC, mucus cell; arrow, microvilli-like 
projections. X 7,400.
Figure 65b. TEM view of the mucus cell pore at the cuticle.
Arrow, pore. X 17,400.

FIGURE 45
Figure 66. TEM view of a cross section through a ramulus showing 
the relationship of the branchial capillary and the 
coelom, the muscle cells that line the coelomic side 
of the branchial capillary, and what may be a 
peritoneal cell lining a portion of this hour 
glass shaped coelom. BC, branchial capillary;
C, coelom; arrow 1, muscle cell with fibrils; 
arrow 2, peritoneal cell; X, coelomocyte. X 5,100.

PLATE 46
Figure 67. TEM view of a longitudinal section through a
branchial capillary showing a muscle cell lining 
the coelomic side of the capillary. B, branchial 
capillary; arrow, basal lamina; F, muscle fibrils.
X 18,400.
Figure 68. TEM view of a longitudinal section through a
ramulus showing connective capillaries and the 
muscle cell bundles at the junction of the connective 
and branchial capillary. B, branchial capillary; 
c, connective capillary; mb, muscle bundle. X 3,700.

PLATE 47
Figure 69. TEM view showing a hand of muscle lying in the plane
of the connective capillary joining a bundle of 
branchial capillary muscle cells. BM, branchial 
capillary muscle; M, connective capillary muscle band. 
X 8,900.
Figure 70. TEM view of the distal tip of a ramulus showing the
disappearance of the coelom and the branchial 
capillary muscle cells separated by possible 
peritoneal cells. B, branchial capillary; P, 
peritoneal cell; M, branchial muscle cell. X 11,200.
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